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Calmodulin-dependent myosin light chain kinase isolated from chicken intestinal brush border phosphoryl- 
ates brush border myosin at an apparently single serine identical to that phosphorylated by smooth muscle 
myosin light chain kinase. Phosphorylation to 1.8 mol phosphate/m01 myosin activated the myosin actin- 
activated ATPase about lo-fold, to about 50 nmol/min per mg. Myosin phosphorylated on its light chains 
could then be further phosphorylated to a total of 3.2 mol phosphate per mol by brush border calmodulin- 
dependent heavy chain kinase. Heavy chain phosphorylation did not alter the actin-activated ATPase of 
either myosin prephosphorylated on its light chains or of unphosphorylated myosin. 
Brush border myosin; Myosin heavy chain kinase; Myosin light chain kin&; Calmodulin; (Chicken) 
1. INTRODUCTION 
Phosphorylation of the heavy chains, in addi- 
tion to the light chains, of myosin has recently 
been found to occur in many types of non-muscle 
cells (review [l]). In intestinal brush borders, both 
myosin heavy [2] and light chain kinases [2,3] have 
been identified that are dependent on calcium and 
CaM. Thus, in brush border at least, CaM- 
dependent phosphorylation by distinct heavy and 
light chain kinases might occur concomitantly in 
response to intracellular increases in calcium. 
Light chain phosphorylation activates the actin- 
activated ATPase activity and promotes the fila- 
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ment assembly of many [4,5], but not all [6-91, 
non-muscle and smooth muscle myosins. Heavy 
chain phosphorylation has been found to inhibit 
[lo-121, activate [13] or have no effect [14] on 
ATPase activity and filament formation of the few 
myosins for which studies have been carried out. 
Also, the effects of heavy and light chain phospho- 
rylation may be interdependent. Activation of 
brush border myosin actin-activated ATPase ac- 
tivity [ 15,161 and filament assembly [ 161 by CaM- 
dependent light chain phosphorylation alone has 
been found using light chain kinase purified from 
smooth muscle [16]. For the studies reported here, 
we isolated myosin light chain kinase from brush 
border and show that the site of phosphorylation 
and the effect on brush border myosin ATPase ac- 
tivity of phosphorylation by light chain kinases 
from smooth muscle and brush border are ap- 
parently identical. CaM-dependent myosin heavy 
chain kinase has also been purified from brush 
borders [17,18] and shown to be a type II CaM- 
dependent protein kinase [18]. Here, we use brush 
border heavy chain and smooth muscle light chain 
kinases to study the effects of CaM-dependent 
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ATPase activity of brush border myosin. 
2. MATERIALS AND METHODS 
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Brush border CaM-dependent myosin light 
kinase was isolated as follows. Intestinal epithelial 
brush border cells from the small intestines of one 
chicken were isolated [ 191 and suspended in 15 vols 
of buffer containing 10 mM imidazole-HCl, 4 mM 
EDTA, 1 mM EGTA (pH 7.3) and protease in- 
hibitors consisting of aprotonin (5 pg/ml), leupep- 
tin (2 pug/ml), pepstatin (5 pg/ml), PMSF 
(0.2 mM) and DFP (1 mM). The cells were 
homogenized in a Waring blender at 1.5 000 rpm, 
then centrifuged at 16000 x g for 30 min. The 
supernate was made 25 mM in NaCl and 48 ml was 
applied to a column of DEAE-Sephacel (Phar- 
macia, 1.5 x 2.7 cm) equilibrated with 10 mM 
imidazole-HCl, 10% sucrose, 25 mM NaCI, 1 mM 
EDTA, 1 mM EGTA, 1.0 mM DTT, 0.25 mM 
PMSF, 0.02% NaN3, pH 7.5 (buffer K), at a flow 
rate of 42 ml/h. The column was washed with 
10 ml buffer K and eluted with a 25 ml linear gra- 
dient of NaCl (0.025-0.6 M) in buffer K at 
60 ml/h. Calcium- and CaM-dependent myosin 
light chain kinase activity eluted between 0.19 and 
0.33 M NaCl and was pooled (4.1 mg in 7 ml) and 
dialyzed against buffer K. 
Brush border CaM-dependent myosin heavy 
chain kinase was purified according to Rieker et al. 
[ 171 with an additional affinity chromatography 
step on CaM-Sepharose [18]. The kinase showed 
one major band of 50 kDa on SDS-PAGE [ 181. 
Brush border myosin was prepared by the pro- 
cedure of Rieker et al. [18]. Chicken gizzard 
myosin light chain kinase [20] and rabbit skeletal 
muscle F-actin [21] were purified as described. 
Myosin kinase assays were carried out at 30°C 
for the times indicated in 20 mM imidazole-HCI, 
60 mM NaCl, 0.5 mM [y-32P]ATP (New England 
Nuclear), 6 mM MgClz, 0.25 mM PMSF, 1 pug/ml 
leupeptin, 0.25 mM DTT (pH 7.5) and either 
1 mM EGTA, 0.71 mM CaClz, or 0.71 mM CaCl2 
and 2 pg/ml bovine brain CaM (Sigma), and either 
brush border light chain kinase (82.8 pug/ml) or 
brush border heavy chain kinase (6.4pg/ml) 
and/or gizzard myosin light chain kinase 
(2.9 rg/ml). Quantitation of phosphate incorpora- 
tion was performed after separation of myosin into 
myosin heavy and light chains by SDS-PAGE [22] 
on 5-20% gradient slab gels as in [17]. 
For phosphoamino acid analysis and phospho- 
peptide mapping, stained gel bands containing “P- 
labeled myosin light chains were excised and in- 
cubated with 100 pg trypsin (TPCK-treated, Wor- 
thington) in 50 mM NH4HC03 for 20 h at 35°C. 
1OOpg trypsin was then added, and digestion was 
continued for 4 h. Samples for phosphoamino acid 
analysis were incubated in 6 N HCl at 110°C for 
2 h and analyzed by electrophoresis in acetic 
acid/formic acid/water (8 : 2 : 90; pH 1.9) at 
1000 V for 2 h at 2°C. 
Two-dimensional peptide mapping of tryptic 
digests was performed by electrophoresis in 
pyridine/acetic acid/water (10 : 0.4 : 90; pH 6.4) for 
2 h at 400 V at 2”C, followed by ascending 
chromatography at room temperature in nrbuta- 
nol/pyridine/acetic acid/water (50 : 30: 10 : 40). 
ATPase assays were performed at 35°C for 
60 min with l-2 &i/ml [Y-~~P]ATP [23]. The 
Mg’+-ATPase medium contained 10 mM 
imidazole-HCl, 2 mM MgClz, 1 mM EGTA, 
1 mM ATP (pH 7.5) and when present, F-actin at 
0.25 mg/ml. 
3. RESULTS AND DISCUSSION 
Myosin light chain kinase isolated from chicken 
intestinal epithelial cells as described in section 2 is 
specific for the 20 kDa light chains of intact brush 
border myosin and is stimulated 8-fold by calcium 
and CaM (fig.1). The maximum phosphate incor- 
poration by this kinase was about 0.9 mol phos- 
phate/mol light chain (table l), and this occurred 
exclusively at serine (fig.lB, lane 1). Two- 
dimensional peptide mapping (fig.2) shows that 
phosphorylation occurred within a single tryptic 
peptide and possibly at a single site in the LCZOS. 
Maximal light chain phosphorylation converted 
myosin to a highly actin-activatable form, with a 
specific activity of 48 nmol/min per mg (table 1, 
expt A). These results, together with the previous 
finding that phosphorylation of myosin light 
chains during contraction of isolated brush 
borders [ 15,241 is stimulated by calcium [15], pro- 
vide strong evidence for a role of CaM-dependent 
phosphorylation of the light chains in the function 
of brush border myosin. The CaM-dependent light 
chain kinases from brush border and smooth mus- 
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Fig. 1. Autoradiography of SDS-polyacrylamide gel elec- 
trophoretic patterns and phosphoamino acid analyses of 
brush border myosin phosphorylated by the brush 
border myosin light chain kinase fraction. (A) Reaction 
mixtures containing 1 gg myosin, the brush border 
myosin kinase fraction and EGTA (lane l), calcium 
(lane 2), or calcium and CaM (lane 3) were incubated in 
a volume of 35 pl for 15 min and analyzed by SDS- 
PAGE, as described in section 2. An autoradiograph of 
the gel is shown. The positions of myosin heavy chains 
(HC) and the 20 kDa light chains (L&O) are indicated. 
(B) Myosin (2 pg) ws phosphorylated to approx. 1.8 mol 
phosphate/m01 myosin in 60 min in the presence of 
calcium and CaM by either the brush border myosin 
kinase fraction (lane 1) or chicken gizzard myosin light 
chain kinase (lane 2). Heavy and light chains were 
separated by SDS-PAGE and gel slices containing LC20 
were incubated with trypsin. The eluted peptides were 
subjected to limited acid hydrolysis, and the 
hydrolysates analyzed by electrophoresis as described in 
section 2. Less than 15% of the radioactivity applied re- 
mained at the origin. The positions of the ninhydrin- 
stained marker phosphoamino acids, 32Pi, and the origin 
are indicated on the autoradiograph. 
cle apparently phosphorylate identical sites on 
brush border myosin, as determined by phospho- 
amino acid analyses (fig.1) and peptide mapping 
(fig.2), and activate the actin-activated ATPase ac- 
tivity to the same extent (table 1, expt A). In addi- 
tion, we have shown previously [2] that the Stokes 
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Fig.2. Analyses of the phosphopeptides formed by tryp- 
tic digestion of 32P-labeled brush border myosin. Myosin 
(Zpg) was phosphorylated to approx. 1.8 mol phos- 
phate/mol myosin in 60 min in the presence of calcium 
and CaM by the brush border myosin light chain kinase 
(panel A) or chicken gizzard myosin light chain kinase 
(panel B) and complete tryptic digests of the 32P-labeled 
myosin LC20 were prepared as in fig.1. The peptides 
were separated in two dimensions on thin-layer cellulose 
sheets and phosphopeptides visualized by autoradiog- 
raphy, as described in section 2. The origin is indicated 
(W 
radii of these kinases are very similar. These results 
also demonstrate that highly purified smooth mus- 
cle myosin light chain kinase [20] can be used in- 
stead of the less highly purified light chain kinase 
from brush border in studies of the effects of phos- 
phorylation on brush border myosin, as described 
below. 
To determine next whether heavy chain phos- 
phorylation in the absence of light chain phospho- 
rylation affects the actin-activated ATPase activity 
of brush border myosin, heavy chains of brush 
border myosin were specifically phosphorylated 
using brush border CaM-dependent myosin heavy 
chain kinase (table 1, expt B and [lS]). The results 
show that the Mg2+-ATPase activity of myosin 
phosphorylated on its heavy chains is not activated 
by F-actin. Therefore, heavy chain phosphoryla- 
tion alone is not sufficient to activate brush border 
myosin ATPase. 
To study the effects of phosphorylation of both 
its heavy and light chains, brush border myosin 
was phosphorylated with gizzard light chain 
kinase, and then with brush border heavy chain 
kinase, as shown in the time course in fig.3. After 
the incorporation of 0.9 mol phosphate/m01 light 
chain, addition of heavy chain kinase resulted in 
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Table 1 
Effect of phosphorylation with myosin heavy and light chain kinases on the actin-activatable activity of brush border 
myosin 
Kinase Phosphate incorporation 
(mol/mol) 
Actin-activated ATPase 
(nmol/min per mg) 
LCZO HC 
Expt A 
None 
Brush border MLCK 
Gizzard MLCK 
<O.Ol <O.Ol 5 
0.91 < 0.01 48 
0.90 <O.Ol 50 
Expt B 
None co.01 co.01 8 
Brush border MHCK co.04 0.80 9 
Gizzard MLCK 0.90 < 0.01 54 
Gizzard MLCK then brush border MHCK 0.92 0.70 56 
Expt A: Brush border myosin (5.0 pg) was incubated with either buffer K, the brush border myosin light chain kinase 
(MLCK) fraction or gizzard MLCK in the presence of calcium and CaM as indicated in a volume of 0.14 ml. Each in- 
cubation was carried out in parallel in the presence of [Y-~‘P]ATP or unlabeled ATP for 60 min. Aliquots of the mix- 
tures containing radiolabeled ATP were assayed for phosphate incorporation into LCZO and heavy chains. 70 pl of the 
mixtures containing unlabeled ATP were assayed for actin-activated ATPase activity. Expt B: Brush border myosin 
(4 pg) was incubated with gizzard MLCK in a volume of 0.14 ml for 60 min in the presence of [y-32P]ATP or unlabeled 
ATP. Then brush border myosin heavy chain kinase (MHCK) or an equal volume of buffer K was added. After a total 
incubation period of 120 min, aliquots were assayed for phosphate incorporation (40 ~1) and ATPase activity (80 ~1). 
The MC?-ATPase activity of myosin in the absence of actin was 5 nmol/min per mg. The K+-, EDTA-ATPase and 
Ca*+-ATPase activities of the myosin, which were 0.75 and 0.36 pmol/min per mg, respectively, were unchanged 
Fig.3. Sequential phosphorylation of brush border I I I I I- 
myosin by chicken gizzard myosin light chain kinase and $j 4- 
brush border myosin heavy chain kinase. Brush border 9 
myosin (24 pg) was incubated with gizzard myosin light I 
chain kinase in the presence of calcium and CaM in a % 
volume of 0.84 ml (0). After 60 min the reaction mix- 
ture was divided equally and brush border myosin heavy 
2 3- 
chain kinase was added to one portion (0) and an equal f 
volume of buffer K was added to the other portion (0). P 
Each reaction mixture was incubated for an additional a 2- 
60 min. Aliquots (40111) were taken at the times in- B 
dicated and analyzed for myosin heavy and light chain ZI 
kinase activity. The figure shows the sum of phosphate l? 
incorporation into the heavy and light chains. (Inset) g 
1 - 
Autoradiograph of the SDS-PAGE patterns of the reac- 
tion mixture at 1 (1) 5 (2), 10 (3), 20 (4), 30 (5), 40 (6), !!II 
50 (7) and 60 (8) min after the addition of the brush 8 
0 I I I c 
border heavy chain kinase fraction. The small arrow 
shows autophosphorylation of the 50 kDa subunit of 
0 30 60 90 12 
myosin heavy chain kinase. TIME (min) 
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the incorporation of an additional 1.4 mol phos- 
phate/mol myosin (see fig.3, inset and table 1, expt 
B). About 95% of the additional phosphorylation 
occurred in the heavy chains. These results 
establish that brush border myosin can be phos- 
phorylated at two sites, on the light chains and on 
the heavy chains, by distinct brush border CaM- 
dependent myosin kinases. The results also show 
that the level of activation of actin-activated 
ATPase activity due to CaM-dependent light chain 
phosphorylation is not affected by subsequent 
CaM-dependent heavy chain phosphorylation. 
This is consistent with the finding that phosphory- 
lation of brain myosin on its heavy and light chains 
with brain CaM-dependent ype II kinase activates 
the actin-activated Mgzf-ATPase activity of brain 
myosin [14]. However, they are in contrast with 
those reported for leukemic fibroblast myosin [12], 
whose actin-activated ATPase was inhibited by 
heavy chain phosphorylation, as is found for some 
invertebrate myosins [ 10,111. 
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